Approximate details of the spatial configuration of the ordered singlestranded poly(rA) molecule in dilute solution have been obtained in a combined theoretical analysis of base stacking and chain flexibility. Only those regularly repeating structures which fulfill the criterion of conformational flexibility (based upon all available experimental and theoretical evidence of preferred bond rotations) and which also exhibit the right-handed base stacking pattern observed in nmr investigations of poly(rA) are deemed suitable single-stranded helices. In addition, the helical geometry of the stacked structures is required to be consistent with the experimentally observed dimensions of both completely ordered and partially ordered poly(rA) chains. Only a single category of poly(rA) helices (very similar in all conformational details to the individual chains of the poly(rA) double-stranded X-ray structure) is thus obtained. Other conformationally feasible polynucleotide helices characterized simply by a parallel and overlapping base stacking arrangement are also discussed.
INTRODUCTION
It is well known that polyriboadenylic acid (poly(rA)) in dilute aqueous solution exhibits an ordered single-stranded structure characterized by a unique arrangement of the bases stacked one above the other in a parallel fashion along the helical or long axis of the molecule. A complete account of the spatial configuration of the entire chain, however, is not attainable using present experimental techniques. The available data derived principally from nuclear magnetic resonance (nmr), 1 " 10 optical rotation, 11 ' 12 and Raman studies 13 
15
This right-handed anti base stacking arrangement is similar to the stacking arrangements observed in the X-ray fiber diffraction studies of polynucleotide fibers 16 and is also consistent with the base-base configuration determined from theoretical analyses of the measured circular dichroism (CD) of ApA. 11 .
12
Analysis of the vicinal proton-proton coupling constants characterizing the sugars in ordered poly(rA) and model systems indicates that the ring favors a C(3")-endo-like pucker 3 * however, points to the occurrence of a single phosphodiester conformational geometry characterizing the ordered forms of these compounds. This undetermined conformation is believed to be quite unlike the P-0 backbone geometry (also undefined) found in the doublestranded protonated helix (poly(rAH + )) 2 in dilute solution but very similar to the phosphodiester solution conformations of a number of complementary double helical structures (including poly(rA):poly(rU) and RNA from a variety of sources).
13
As we shall demonstrate, the unique geometry of the phosphodiester linkage and hence the nature of the single-stranded helix may be deduced by comparison of overall properties of the ordered poly(rA) chain calculated as functions of the u' and u angles with experimentally determined values.
Most recent low temperature hydrodynamic measurements on poly(rA) fractions in dilute solution indicate the single-stranded polymer structure to be a rigid rod with an approximate repeating length of 3.2 A/residue. 19 This value corresponds to the mean distance spanned by a single repeating unit of the chain along the long axis of the ordered molecule. If all residues of the poly(rA) chain conform to identical spatial arrangements, this distance then represents the step height z (see below) of the single-stranded helix.
In this paper we utilize the structural information outlined above in conjunction with a recently developed single virtual bond treatment of polynucleotide helices 15 in order to assess the more probable spatial arrangements of the poly(rA) single-stranded helix in dilute solution. This scheme clearly surpasses the rough approximation of single-stranded poly(rA) ordered structure reported previously.
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The earlier estimate of a base stacked structure was based upon the helical backbone parameters determined for eight specific regularly repeating polynucleotide chains. These few structures were generated by permutations of the mean backbone rotation angles deduced from available X-ray fiber diffraction investigations of polynucleotide double helices. Here we report the helical parameters describing a much broader spectrum of regular structures which include all poly(rA) helices consistent with the conformational preferences of this molecule and its low molecular weight analogs in solution. In addition, we present for each structure a set of base stacking parameters which directly define the arrangement of these moieties in the helix. On the basis of these calculations we then distinguish the feasible poly(rA) helices as those structures which exhibit the righthanded stacking pattern observed in nmr investigations and also conform in overall dimensions to the helical step height suggested by the hydrodynamic studies. In addition, we examine the effects of those conformations which 2057 meet the geometric criteria of stacking and step height on the unperturbed dimensions of partially ordered poly(rA) chains. Comparison of the theoretical dimensions (determined for a noncooperative helix-coil process) with the experimental behavior of the partially stacked chain permits some further estimation of the structural details of this molecule in dilute solution.
ORDERED POLY(rA) STRUCTURE Structural Criteria
The structural parameters describing any regularly repeating or helical polynucleotide chain (z -the vertical displacement of adjacent residues along the helix axis, r -the radial distance of the phosphorus atoms from the helix axis, and 8 -the cylindrical rotation angle about the helix axis between atoms of neighboring units) as well as the base stacking parameters (Z -the mean distance between adjacent base planes, A -the mean angle between neighboring bases, 9 -the cylindrical rotation about the base stacking axis describing the angular displacement of neighboring bases, and n -the angle between the base stacking axis and the helix axis) may be calculated using methods outlined elsewhere. 
Chain Geometry
The bond lengths and valence bond angles employed in these computations have been detailed previously. 21 The rotation angles along the backbone are taken to be 0° in the planar trans conformation and are assigned positive values for right-handed rotations. In contrast, the six backbone rotation 
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The predominant C(3')-endo and the minor C(2')-endo pucker are each described bv a theoretical geometry 21 According to the data recorded in Tables I and II Table  I ) fulfills all the geometric criteria associated with the right-handed stacking exhibited by ordered poly(rA) molecules in solution. This conformational category is the same as that which describes the backbone geometry in the double-stranded poly(rA) fiber, 26 Several of the conformationally feasible poly(rA) helices meet the loose classification of "stacked" as defined by a simple parallel overlapping arrangement of the bases. For convenience, the extent of base stacking (as defined by the rigorous criteria listed earlier in the text) in these structures has been tallied in a rough fashion in Table III . The plus or minus signs in the table represent the fulfillment or nonfulfillment, respectively, of a given structural criterion by each helix. We note here that all but one of the "stacked" structures in Table III fits the classification of a loosely wound helix (see above).
Helix I (described by four plus signs) in Table III fact, the distance between the bases is possibly large enough for a planar molecule to intercalate between them. The rotational parameters deduced in the original Watson-Crick X-ray DNA structure describe a helix similar to helix II but characterized by the normal base stacking distance. 27 We note, however, that the Watson-Crick structure was also characterized by an unusual glycosyl rotation x near 0° which would permit the appropriate base-base separation. 28 The stacked bases of the C(3')-endo helix III are not only widely separated in space but also ordered in a left-handed arrangement. This helix is another example of a structure which could accommodate the intercalation of planar molecules. Table II that the C(2')-endo helix of type IV (in Table III ) can accommodate base stacking. Strict interpretation of the geometric data in Table II indicates the average structure IV to be a left-handed helix with bases attached laterally to the outside of the helix and also at distances of separation in violation of normal van der Waals contacts. Several type IV helices in the region where u' -10-20°, however, are right-handed structures with bases located inside the helix framework and at the appropriate 3.0-4.0 A separation. The observed stacking pattern in all structures of the type IV category, however, is left-handed. We also note here that the type IV helix is very similar in conformational characteristics to the C-DNA X-ray structure. 29 The occurrence in solution of the type V C(2')-endo helix of Table III appears to be quite improbable. This chain is a left-handed structure characterized by left-handed base stacking on the outside of the molecular framework. In addition, such configurations of the polynucleotide backbone (where the u'co rotation is tt) have never been observed in the X-ray crystallographic literature. 22 
It is not immediately apparent from the data in

PARTIALLY ORDERED POLY(rA) CHAINS
According to the above analysis of base stacking, the ordered singlestranded structure of poly(rA) in dilute aqueous solution must be very similar to the helical configuration deduced from the X-ray fiber diffraction analysis 2 6 of the double helical acid form (poly(rAH + )) 2 of the molecule. The viability of such a helix in solution may be further ascertained from its ability to predict the observed increase in unperturbed dimensions of the poly(rA) chain with decreasing temperature.
This increase in chain dimensions may be attributed to the formation of a partially stacked structure. 30 Such an arrangement of repeating units can be achieved by treating the polynucleotide chain as a copolymer of unstacked or random-coil and stacked or helical subunits.
The thermal denaturation of poly(rA), as manifested by hypochromicity, optical rotatory dispersion, and circular dichroism, occurs gradually over the temperature range 0-90°. 31-33 This evidence, in conjunction with the fact that the apparent enthalpy of denaturation is nearly independent of chain length, 3 "* demonstrates that'the ordering of the poly(rA) chain brought about by base stacking is largely a noncooperative process. Hence, stacked and unstacked residues should occur in more or less random sequence. The average dimensions of the poly(rA) chain containing stacked residues can therefore be treated using computational methods detailed previously for random copolymers. 
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The computed characteristic ratio for each of the copoiymers in Figure 2 passes through two points of inflection (corresponding to a local maximum followed by a minimum) as F increases from zero (random coil) to unity (stacked helix). The initial appearance of helicity is marked by a small increase in C^. The curve next passes through a minimum, then rises. The rise is steep for long chains inasmuch as the extension of the helical long chain greatly exceeds the mean extension of the random coil. The minimum in Figure 2 reflects the fact that helical sections of short sequences have smaller end-toend distances than the mean for random coils of the same number of units.
The calculations indicate the rate of change in chain dimensions with F to depend strongly upon the type of helix incorporated into the polymer. As is evident from Table IV, 
